Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third most common cause of cancer-related mortality worldwide. Despite decades of efforts by many investigators, systemic chemotherapy or hormonal therapy has notoriously failed to show an improvement in survival. With a median survival of 8 months, and 1-and 3-year survival rates of 20% and 5%, respectively, the effective treatment of HCC remains far from satisfactory. Better understanding of the pathogenesis of this disease, identification of molecular targets for therapeutic intervention and availability of promising molecularly targeted therapies may change this dismal picture. In this review we will focus on what is currently known about the molecular pathogenesis of HCC, and explore the currently available and future molecular based therapies targeting these pathways. Future research in this area will maximize clinical benefit while minimizing the toxicity and cost through utilization of novel targeted agents.
Introduction
The fifth most common cancer worldwide and the third most common cause of cancer-related deaths globally, HCC poses a great challenge [1, 2] . The incidence of HCC in the United States has almost doubled in recent decades [3] . Due to multiple etiologies leading to the development of this disease, HCC patient populations are very diverse. It can occur in various underlying settings such as hepatitis B and C, nonalcoholic steatohepatitis, hemochromatosis, autoimmune hepatitis, alcohol-related liver disease, primary biliary cirrhosis, and primary sclerosing cholangitis. Systemic therapy with various classes of agents, including hormonal and cytotoxic agents, has provided little to no benefit. Improved understanding of the mechanism of hepatocarcinogenesis, coupled with the discovery of a multitude of molecular pathways leading to the development of HCC, has created a great opportunity to identify new targets and effective therapies (Figure 1) . The initial demonstration of improved survival benefit by sorafenib in advanced HCC has opened a new era of molecularly targeted therapies, resulting in the discovery of a diverse spectrum of novel agents, many of which are currently under active clinical investigation and development. Targeted agents that inhibit angiogenesis, epidermal growth factor receptor, and mammalian target of rapamycin, insulin-like growth factor and many other are at different stages of clinical development (Figure 2 ). While these targeted therapies may offer hope as main treatments for patients who are not amenable to undergo surgical resection or transplant, they can constitute the basis for promising adjunctive therapies in combination with currently available treatment modalities. In this article we will review the pathways identified in the pathogenesis of HCC along with currently available and in development therapies targeting these pathways
Pathways and Targeted Therapeutic
Agents in HCC
Vascular Endothelial Growth Factor, Fibroblast Growth Factor, and Platelet Derived Growth Factor and Receptors (VEGF/VEGFR, FGF/FGFR, PDGF/PDGFR) Pathway
Hepatocellular carcinoma (HCC) is one of the most vascular solid tumors. Vascular endothelial growth factor (VEGF) plays a critical role in mediating angiogenesis in HCC and is a potential therapeutic target. VEGF can function by inducing vascular promotion and growth on several cell types varying from hepatocytes, hepatic stellate cells, endothelial progenitor cells to hemangiocytes. Thus blockade of VEGF-mediated pathways, either by anti-VEGF neutralizing antibody or tyrosine kinase inhibitors distrupts carcinogenesis and angiogenesis [4] . In addition to VEGF, several other angiogenic factors in HCC have recently been identified. These factors can also regulate angiogenic processes through interaction with VEGF or VEGF-independent pathways [5, 6] . Increased levels of vascular endothelial growth factor (VEGF) and microvessel density have been shown to be associated with worsening survival in HCC [7] [8] [9] . A phase III clinical trial revealed that an anti-angiogenic agent "sorafenib" extended overall survival in patients with advanced HCC, as the first drug ever demonstrating a meaningful improvement in the treatment of tis deadly disease in 2008 [10] . Since then several antiangiogenic and other molecularly targeted agents have been and currently being evaluated in clinical trials of HCC ( Table  1) . targeted agents. In a multicenter phase II study of 46 patients with compensated liver disease and unresectable HCC, bevacizumab led to a 13% partial response rate (PR) with a median progression-free survival (PFS) of 6.9 months and overall survival (OS) of 53% at 1 year, 28% at 2 years, and 23% at 3 years. Bevacizumab was associated with significant reductions in tumor enhancement by dynamic contrast-enhanced magnetic resonance imaging and reductions in circulating VEGF-A and stromal-derived factor-1 levels [11] . Bevacizumab has also been studied in conjunction with cytotoxic chemotherapy, gemcitabine and oxaliplatin (GEMOX) for the treatment of unresectable HCC. In a phase II study of 33 patients with advanced metastatic HCC, treatment with combination regimen of bevacizumab and GEMOX resulted in a 20% response rate (RR) with a median OS of 9.6 months. While there were no patients with a complete response (CR), 27% had stable disease [12] .
Vatalanib (PTK787)
Vatalanib (PTK787) an oral angiogenesis inhibitor, targets VEGFR-1/flt-1, VEGFR-2/KDR, and VEGFR-3/Flt-4, all VEGFR tyrosine kinases and PDGFR, and the c-kit [13, 14] . This drug interferes with the ATP binding sites of VEGF receptors. In a phase I study vatalanib was well tolerated and showed clinical activity in a variety of solid tumors. Administered once daily, at a dose of 750 mg to 1250 mg in patients with unresectable HCC, no CR or PR was observed. Nine patients had stable disease, and nine had progressive disease [15] .
Cediranib (AZD2171)
Cediranib (AZD2171) is a potent inhibitor of both VEGFR-1 and VEGFR-2. It also has activity against c-kit, PDGFR-β, and FLT4 at Nano molar concentrations [16] . Cediranib has been shown to inhibit VEGF signaling. Cediranib was well tolerated up to 45 mg per day in patients with a broad range of solid tumors. The most common toxicities included diarrhea, dysphonia, and hypertension. In a phase II study of cediranib in 28 patients with advanced HCC, 19 patients were evaluable for toxicity [17] . The main adverse events were fatigue, hypertension and anorexia. The primary objective of this phase II study was to assess 6-month survival. Secondary objectives were to assess tumor response, time to progression (TTP), and toxicity. Twelve patients (42.9%) survived 6 months, 15 (53.6%) died within 6 months, and 1 (3.6%) was lost to follow-up before 6 months. The median OS was 5.8 months. No patients experienced a confirmed response. The median time to progression (mTTP) was 2.8 months [18] .
Brivanib
Brivanib alaninate is an investigational, oral, anti-tumor agent that inhibits vascular endothelial growth factor receptor (VEGFR) and fibroblast growth factor receptors (FGFR). It has shown tumor growth inhibition in mouse HCC xenograft models. A phase II study evaluated the efficacy and safety of brivanib in patients with unresectable, locally advanced, or metastatic HCC who had received either no prior systemic therapy or one prior regimen of angiogenesis inhibitor [19] . At 800 mg oral daily dose brivanib provided a median OS of 10 months and TTP of 2.8 months with 5% PR and 47% disease control rate in previously untreated HCC patients. Most frequently observed grade 3 -4 adverse events included fatigue (16%), high levels of AST (19%), and hyponatremia (41%). In a randomized phase III trial, BRISK-FL, brivanib versus sorafenib were evaluated in patients with advanced HCC who had not received prior systemic treatment. The study did not meet its primary overall survival objective based upon a non-inferiority statistical design.
1, VEGFR-2, also has inhibitory activities for other receptor tyrosine kinases including PDGFR-a/b, c-KIT, FLT3, and RET kinases [20] . In a study of 34 patients with advanced HCC, sunitinib was given 37.5 mg orally once daily on a 4-weeks-on, 2-weeks-off schedule (6 weeks per cycle). There was one patient with a PR of 20 months, and an additional 10 patients (38.5%) of stable disease for 12 weeks. The PFS was 3.9 months and OS was 9.8 months [21] . In a European/Asian phase II study, sunitinib was dosed at 50 mg daily for 4 weeks every 6 weeks in 37 unresectable HCC patients. Results reported one patient with a PR (2.7%), and 13 patients with stable disease (35%). The median OS was 8 months and PFS was 3.7 months [22] . In terms of toxicity, the studies that used the lower dose (37.5 mg) reported acceptable safety profiles. The most common adverse events included hematologic toxicities, fatigue, and an increase in transaminase levels. Grade 3 or 4 adverse events occurred in no more than 20% of the patients in any category. At the higher dose of 50 mg daily, sunitinib treatment led to more pronounced grade 3 -4 toxicities and a higher death rate of 10% in this patient population [21, 22] . Although the lower dose at 37.5 mg seems to be more tolerable, it remains uncertain whether the continuous or intermittent schedule is better. A randomized phase III study comparing sunitinib at 37.5 mg continuous daily dosing versus sorafenib at 400 mg twice daily in advanced HCC (clinical trial identifier: NCT00699374) was terminated on April 22th, 2010, based on a higher incidence of serious adverse events in the sunitinib arm compared to the sorafenib arm, and the fact that sunitinib did not meet the criteria to demonstrate that it was neither superior or non-inferior to sorafenib in the survival of patients with advanced hepatocellular cancer.
Pazopanib (GW786034)
Pazopanib is an oral angiogenesis inhibitor targeting VEGFR, PDGFR, and c-Kit. A phase I dose-escalating study of pazopanib in 28 Asian patients utilized oral pazopanib (200 -800 mg) once daily on 21-day cycles. Results revealed dose-limiting toxicities (grade 3 aspartate aminotransferase (AST)/alanine aminotransferase (ALT) elevations) and grade 3 malaise at the 800 mg dose level. The maximum tolerated dose (MTD) in patients with HCC (Child-Pugh class A) was 600 mg daily [23] . Diarrhea, skin hypopigmentation, and AST elevation were the most commonly reported adverse events at the MTD. PR was observed in two patients (7%; one at 800 mg, one at 600 mg) and stable disease of 4 months in 11 patients (41%). Median TTP at the MTD was 137.5 days (range, 4 -280 days). Changes in tumor dynamic contrast-enhanced magnetic resonance imaging parameters were seen after repeated dose pazopanib administration [24] . Pazopanib has a manageable safety profile in patients with advanced HCC, and 600 mg was chosen for further development of pazopanib in advanced HCC.
Linifanib (ABT869)
Linifanib (ABT869), a novel potent and selective inhibitor of the VEGF and PDGF platelet-derived growth factor families of receptor tytosine kinases, is designed to inhibit angiogenesis, tumor growth, and metastasis. An open-label, multicenter trial of oral linifanib dosed at 0.25 mg/kg daily in patients with a Child-Pugh A (C-PA) or dosed every other day in patients with a Child-Pugh B (C-PB) evaluated a total of 44 patients. Most common linifanib-related adverse events were fatigue (55%) and diarrhea (48%). Most common linifanib-related grade 3 or 4 toxicity were hypertension (18%) and fatigue (14%). Sixty-eight percent of patients had dose interruptions due to adverse events; PFS at 16 weeks were 31.8%, overall RR 6.8%, TTP 3.7 months and OS was 9.7 months [25] . An open-label, randomized phase 3 study of the efficacy and tolerability of linifanib (ABT869) versus sorafenib in advanced HCC (clinical trials identifier: NCT01009593) was discontinued in July 2012 by the independent data monitoring committee. The primary objective of this trial was to assess the overall survival of oral linifanib given as monotherapy once daily as compared to sorafenib given twice daily per standard of care. So far no publications available.
Epidermal Growth Factor and Receptor (EGF/EGFR) Pathway
The expression of several EGF family members, specifically EGF, TGF-a, and heparin binding epidermal growth factor, as well as EGFR, has been described in several HCC cell lines and tissues. The EGFR (also known as ErbB1 and Her1) belongs to the ERB family of receptor tyrosine kinases, which includes ErbB2 (also known as Her2), ErbB3 (also known as Her3) and ErbB4 (also known as Her4). All members (except Erb3) have tyrosine kinase activity and they all share a common structure with an extracellular ligand-binding domain, a transmembrane domain and an intracellular domain where the tyrosine kinase activity resides. EGFR forms homo or heterodimers upon ligand binding. Dimerization results in auto-phosphorylation of EGFR with the subsequent activation of a number of downstream signaling pathways, including the PI3K/Akt/mTOR and the Ras/Raf/ MEK/ERK pathways. ErbB2 has no known ligand, but the rest of the members can bind to a family of growth factors including EGF, TGF-α, epigenin (EPG), amphiregulin (AREG), heparin-binding-EGF (HB-EGF), epirugulin (EREG) and β-cellulin (BTC) and the last three ligands are also able to bind to ErbB4/Her4. The neuregulin (NRG) ligands NRG-1 and NGR-2 bind to both ErbB3/Her3 and ErbB4/Her4, whereas NGR-3 and NGR-4 only recognize ErbB4/Her4 [26] [27] [28] [29] [30] [31] . The receptor most studied in HCC is EGFR/ErbB1. The EGF/EGFR pathway has been targeted mainly by two approaches; using either a single agent monoclonal antibody directed against EGFR (cetuximab) and a combination of cetuximab with cytotoxic chemotherapy or by small-molecule tyrosine kinase inhibitors [26] [27] [28] [29] [30] ( Table 1) .
Monoclonal Antibodies against EGFR
Cetuximab/Cetuximab plus Cytotoxic Chemotherapy Cetuximab is a chimeric monoclonal antibody against EGFR. In a phase II study of 32 patients with advanced HCC, cetuximab was given at 400 mg/m 2 intravenously on day 1 followed by weekly intravenous infusions at 250 mg/m 2 . There were no responses seen and median TTP for all patients was 8.0 weeks [31] . In another phase II trial evaluated 30 patients with advanced HCC, again with no responses seen. Five patients had stable disease (median time, 4.2 months; range, 2.8 -4.2 months) with an OS of 9.6 months and the median PFS of 1.4 months [32] .
The combination of cetuximab with cytotoxic chemotherapy has been evaluated in Capecitabine plus Oxaliplatin (CAPOX) and Gemcitabine plus Oxaliplatin (GEMOX) regimens. In CAPOX/Cetuximab trial capecitabine was given at 850 mg/m 2 twice daily for 14 days and oxaliplatin on day 1 at 130 mg/m 2 intravenously, along with cetuximab at 400 mg/m 2 on day 1 followed by 250 mg/m 2 weekly on a 21-day cycle. RR was 10%, and TTP was 4.3 months in 20 evaluable patients. While most patients tolerated the treatment well, diarrhea and electrolyte abnormalities including hypomagnesemia and hypocalcemia were more pronounced [33] . In GEMOX/ cetuximab trial 45 patients were given cetuximab at an initial dose of 400 mg/m 2 followed by 250 mg/m 2 weekly, gemcitabine 1000 mg/m 2 on day 1, and oxaliplatin at 100 mg/m 2 on day 2, repeated every 14 days until disease progression or dose limiting toxicity. The RR was 20% with a disease stabilization rate of 40%. The median PFS and OS were 4.7 months and 9.5 months, respectively [34] . Due to the lack of activity of cetuximab as single agent and to reported antitumor activity of GEMOX and CAPOX in prior phase II studies in HCC, the relative contribution of cetuximab to these regimens remains.
Tyrosine Kinase Inhibitors against EGFR

Erlotinib
In a phase II trial of 40 patients with unresectable HCC with no prior systemic therapy, erlotinib 150 mg orally per day was evaluated. There were no CR or PR; however, 17 of 40 patients achieved stable disease at 16 weeks of continuous therapy. The PFS at 16 weeks was 43%, and the median OS was 43 weeks (10.75 months). No patients required dose reductions of erlotinib. In this study no correlation between EGFR expression and outcome was found [35] . Combination of erlotinib with cytotoxic and biologics has also been studied. In a phase II trial combination of erlotinib with docetaxel in 14 patients with advanced HCC showed no objective responses but 6 patients (46%) had stable disease with a median duration of 17.6 weeks. The 16-week PFS was 38%, median OS was 6.7 months [36] . Another phase II trial evaluated erlotinib in combination with bevacizumab. Fourty patients who had advanced HCC that was not amenable to surgical or regional therapies, with up to one prior systemic treatment were given bevacizumab 10 mg/kg every 14 days and erlotinib 150 mg orally daily for 28-day cycles. The primary end point of PFS at 16 weeks was 62.5%. Ten patients achieved a PR for a confirmed overall RR of 25%. The median PFS was 39 weeks, and the median overall survival was 68 weeks. Grades 3 to 4 drug-related toxicity included fatigue 20%, hypertension 15%, diarrhea 10%, and elevated transaminases 10% [37] .
Gefitinib
Gefitinib is an oral selective inhibitor of EGFR that has shown growth inhibition in HCC cell lines. Up to 47% of HCCs express the epidermal growth factor receptor which predicts survival. Gefitinib was evaluated in a single arm phase II Eastern Cooperative Oncology Group (ECOG) study E1203, in advanced HCC. Daily oral Gefitinib 250 mg was given for 21-day cycles. Tumor assessments were performed every 6 weeks. Thirty-one patients were accrued with a median follow-up duration of 13.2 months. PFS was 2.8 months, OS 6.5 months. One PR and 7 stable disease were observed. There was only one grade 4 toxicity (neutropenia). The criterion for second-stage accrual was not met. Gefitinib as a single agent was not found to be active in advanced HCC [38] .
Lapatinib
Lapatinib is an inhibitor of epidermal growth factor receptor and HER2/NEU both implicated in hepatocarcinogenesis. In a phase II trial 25 patients with advanced unresectable HCC were given lapatinib, 1500 mg per day orally in 28-day cycles. Tumor and blood specimens were analyzed for expression of HER2/NEU and status of downstream signal pathway proteins. Twenty-six patients were enrolled. No objective responses were observed. Ten (40%) patients had stable disease as their best response including 6 (23%) with stable disease lasting more than 20 days. Median PFS was 1.9 months and median OS was 12.6 months. Patients who developed a rash had a borderline statistically significant longer survival. Tissue and blood specimens were available for more than 90% of patients. No somatic mutations in EGFR (exons 18 -21) and no evidence of HER2/NEU somatic mutations were found. PTEN, P-AKT, and P70S6K expression did not correlate with survival. Lapatinib was well-tolerated but seemed to benefit only a subgroup of patients for whom predictive molecular or clinical characteristics are not yet fully defined [39] .
Insulin-Like Growth Factor (IGFR) Pathway
Obesity and diabetes have been shown to be associated with an increased risk of cancer in humans [40, 41] . IGF signaling system has attracted a lot of research attention in cancer. [49] . There have been encouraging in vitro and in vivo data in broad range of cancers with activated IGF axis. Current phase I data on drug tolerability will provide more information regarding the feasibility of such medications in the future potential treatment of advanced HCC.
Monoclonal Antibodies Targeting IGFR-1R
IMC-A12 Pre-clinical evidence obtained in HCC cells showed that IMC-A12, a human monoclonal antibody that blocks IGF-1R, both in vitro and in vivo decreases cell viability and proliferation and blocks ligand-induced IGF-1R activation.
In vivo IMC-A12 delayed tumor growth and prolonged survival, reducing proliferation rates and inducing apoptosis [50] . IMC-A12 effectively blocked IGF signaling, providing the rationale for testing this therapy in clinical trials. A phase I study of IMC-A12 (cituxumumab) yielded a partial response in HCC [51] ; however, a subsequent phase II study in patients with advanced HCC showed that IMC-A12 is inactive as monotherapy [52] .
AVE1642
AVE1642 is a humanized monoclonal antibody that specifically blocks IGF-1R signaling. A phase I study showed that AVE1642 can be safely combined with active doses of sorafenib, and the pharmacokinetics of both AVE1642 and sorafenib were not modified at the concentrations tested. Interestingly, long-lasting disease stabilizations were observed in most patients with progressive disease [53] ). Although IMC-A12 lacks single agent activity in HCC, its combination with sorafenib could potentially yield synergy. It is currently undergoing phase I study in combination with sorafenib in patients with HCC. The result of this clinical trial may help understand the clinical benefits of combining IGFR-1R monoclonal antibodies and sorafenib in this disease.
BIIB022 BIIB022 showed inhibition of tumor growth in HCC cell
line HepG2, and this inhibitory effect was enhanced by addition of sorafenib [54] . A planned phase I/II study comparing sorafenib with or without BIIB022 in patients with advanced HCC was terminated due to a business decision of the sponsor company.
Ras/Raf/MEK/ERK Pathways
Also known as, the mitogen-activated protein kinase (MAPK) pathway, Ras/Raf/MEK/ERK pathway, consists of a kinase cascade that is regulated by phosphorylation and de-phosphorylation by specific kinases, phosphatases, and GTP/GDP exchange proteins. Ras is activated by cellular stimuli to a GTP-bound state, leading to the recruitment of Raf from the cytosol into the cell membrane where it becomes activated [55] . Activated Raf leads to the activation and phosphorylation of MEK1 and MEK2, which then activates ERK1 and ERK2. When ERK is activated, it translocates into the nucleus and phosphorylates transcription factors that can promote cellular growth and prevent apoptosis [56] . Dysregulation of the Ras/Raf/MEK/ERK pathway is positively associated with HCC. A recent study showed that 100% of HCC specimens analyzed contained Ras pathway activation [57] . Because of the cross talk at the cellular level, upregulation of IGF [58] , aberrant upstream EGFR signaling and other receptor signaling (i.e. VEGFR and PDGFR) may cause activation of Ras/Raf/MEK/ERK signaling in HCC [59] . Thus, an effective blockade of the Ras/Raf/ MEK/ERK pathway can be achieved using small molecules, such as sorafenib, selumetinib (AZD6244), and regorafenib ( Table 1) .
Sorafenib
Sorafenib, is a multikinase inhibitor, which in addition to targeting Raf kinases also inhibits VEGFR-2/-3, PDGFR-β, Flt-3 and c-Kit. Based on the findings of the pivotal SHARP trial sorafenib has been approved by the United States Food and Drug Administration for the treatment of patients with advanced HCC [60] . Sorafenib increased OS from 7.9 months in the placebo group to 10.7 months in the treatment group. Time to progression was 5.5 months in the sorafenib group and 2.8 months in the placebo group.
Selumetinib (AZD6244)
Selumetinib is an oral non-ATP-competitive small-molecule inhibitor of the mitogen-activated protein kinase MEK1/2. The recommended dose found in early dose escalation studies were established as 100 mg twice per day [61] . In an open-label, phase II trial, researchers evaluated the efficacy of selumetinib in patients with confirmed advanced or metastatic HCC. Patients were given 100 mg of selumetinib twice per day, fasting for a minimum of 2 hours before their dose. A cycle of therapy was 21 days. PK samples were taken 48 hours after initiating treatment for monitoring. Of the 19 patients enrolled, 2 failed to complete a full cycle of therapy due to elevated transaminases and voluntary withdrawal. Among the 17 remaining patients, there was no PR or CR. The study was terminated early due to a lack of radiographic response and short PFS, reflecting the lack of adequate antitumor activity of selumetinib as monotherapy [62] .
Regorafenib
Regorafenib is an oral multikinase inhibitor of MAPK, Raf, FGFR, RET, KIT, VEGFR, and PDGFR. The safety and tolerability of regorafenib was evaluated in 36 patients with hepatocellular carcinoma (HCC) who have progressed on first-line sorafenib. Treatment consisted of regorafenib 160 mg once daily on a 3-weeks-on/ 1-weekoff schedule. The dosing regimen was based on a European dose-finding study. The median duration of treatment was 15.5 weeks. Common treatment-related adverse events included hand-foot skin reaction in 50% of patients, diarrhea in 50%, fatigue in 47%, and hypothyroidism. The median time to disease progression was 4.1 months, and nearly three-quarters of patients achieved disease control. Disease progression led to treatment withdrawal in 6 patients (17%), and 15 of the 36 patients remained on treatment at the data cut-off. The mechanism by which regorafenib might overcome resistance to sorafenib needs to be examined in future studies [63] .
PI3K/Akt/mTOR Pathways
The PI3K/Akt/mTOR pathway is crucial in carcinogenesis [64] . This pathway is activated when growth factors bind to membrane receptors, such as EGFR and IGF-R1, which engage and activate PI3K. When PI3K is activated, a cascade of downstream effectors such as Akt and mTOR are produced. Once activated, Akt leaves the cell membrane to phosphorylate intracellular substrates. Phosphorylation can lead to the promotion of cell survival as well as positively modulating mTOR function. The involvement of Akt in HCC is still being evaluated; however, early observations have found tumors with Akt41 expression have worse prognosis [65] . As many as 50% of patients with HCC, has a dysfunction in the components of the PI3K/Akt/mTOR pathway [66] . Acting as the primary regulator of cell growth, survival, and proliferation, mTOR is an important mediator of the PI3K-Akt pathway. Other downstream effectors of mTOR, including 4E-BP1 and S6K1, have been associated with higher tumor severity [67] . Negative regulation of PI3K is predominantly accomplished by the PTEN tumor suppressor protein. PTEN dephosphorylates, and thus inhibits the PI3K/Akt pathway. Mutations to the PTEN protein can lead to improper regulation and promotion of PI3K/ Akt/mTOR signaling [68] . Although some preclinical studies have demonstrated that PI3K inhibitors such as perifosine, LY29004 and wortmannin have anti-HCC activity, no studies have been conducted so far at the clinical level. However several novel agents are being developed to target different components of the PI3K/ AKt/mTOR pathway in HCC ( Table 1) .
MK2206
MK2206 is a novel selective non-ATP-competitive allosteric inhibitor of Akt and is being investigated in sorafenib resistant HCC. In a phase II study, data showed that combination treatment of sorafenib and MK-2206 overcame the resistance to sorafenib resistant HCC and increased the percentage of apoptotic cells. MK2206 also down-regulated Akt and induced cell death. Experimenters found that using MK2206 alone did not show significant effects on apoptosis in sorafenib resistant HCC cells, determining co-administration of sorafenib and MK2206 to be the most effective and novel strategy in promoting apoptosis [69] . A phase II study of MK2206 (a novel oral potent allosteric Akt inhibitor) in advanced HCC patients who have not responded or are intolerant to one previous line of anti-angiogenic therapy is currently recruiting patients (Clinical trial identifier: NCT01239355).
AZD8055
AZD8055 is a novel ATP-inhibitor of mTOR kinase undergoing Phase I/II studies in Asia in patients with HCC. Early dose finding studies in Japan concluded that AZD8055 at 90 mg twice a day to be the MTD. Researchers also found mean Akt levels to be reduced in the treatment cohorts [70] . Further studies are needed to determine the role of this novel agent.
Everolimus
Everolimus is a macrolide immunosuppressant and mTOR inhibitor with antiproliferative and anti-angiogenic properties. Its current place in therapy is for treatment of breast and kidney cancer, neuroendocrine tumors, and certain lymphomas. Its benefit for HCC is currently being evaluated. In a phase I/II study, in patients with histologically confirmed, measurable, and advanced HCC received everolimus orally at 5 mg/day or 10 mg/day. The phase I endpoint was to determine a safe dosage regimen, while the phase II endpoint meant to assess PFS at 24 weeks. Results from thus study found everolimus dosed at 10 mg/day was well tolerated and used this dose for the phase II stage of the study. Although the study did not proceed to the second stage, preliminary observations found antitumor activity with everolimus in patients with advanced HCC, most of whom had tried other prior systemic treatments [71] .
Sirolimus
Sirolimus has been used as an immunosuppressant agent and works by inhibiting T-lymphocyte activation and proliferation in response to antigenic and cytokine stimulation and inhibits antibody production. Differing from other immunosuppressants, sirolimus binds to the intracellular protein, FKBP-12, to form an immunosuppressive complex which inhibits mTOR. A phase II study had been performed to examine the efficacy of sirolimus as an antitumor agent in HCC. In this study, patients with advanced HCC and underlying cirrhosis received 20 mg/week of sirolimus for 1 month and were then increased to 30 mg/week thereafter. Tumor response was assessed every 8 weeks as the primary endpoint. In this small study, 25 patients received sirolimus for a median of 20.6 weeks. Two patients had an objective response including one CR and 8 patients had stable disease. Grade 5 toxicities were observed in 2 patients (infections) and grade 3 toxicities were seen in 5 patients. Median time to radiological progression and OS were 15.3 weeks and 26.4 weeks respectively. The study concluded sirolimus did show some antitumor activity in patients with advanced HCC; however, larger studies are needed to determine its use [72] . In a separate phase II study, the effects of sirolimus were investigated in 21 patients with advanced HCC. Sirolimus was dosed daily by mouth and dosages were adjusted to a serum trough level between 4 and 15 µg/ml. One patient had partial remission, and 5 patients had stable disease at 3 months [73] .
Temsirolimus
Temsirolimus, an mTOR inhibitor is approved for treatment of advanced renal cell carcinoma. Its efficacy and potential utility for HCC is currently being studied. In vitro studies showed that effective inhibition of mTOR signaling with temsirolimus alone was able to suppress HCC cell growth in a dose-dependent manner. Different cell lines were tested with varying temsirolimus resistance. In cells that had high temsirolimus resistance, investigators co-targeted mTOR with temsirolimus and vinblastine resulting in growth inhibition; demonstrating potent antitumor activity of this novel combination. In vivo studies showed that temsirolimus treatment alone for one week was able to inhibit the growth of susceptible xenografts. The temsirolimus/vinblastine combination induced a significant and sustained antitumor activity (up to 27 days post-treatment), with effective reduction of tumor vessel density in sensitive and resistant models [74] . These early findings may provide additional treatment options for inhibition of the mTOR kinase. Further studies are needed to fully understand its place in therapy.
Wnt-Beta-Catenin Pathway
Wnt-β-catenin pathway controls biochemical processes related to cell growth and differentiation. Alterations of this pathway have been associated with tumors such as HCC or hepatoblastoma. In normal cell homeostasis, Wnt proteins are absent allowing β-catenin, the key player in the Wnt pathway, to be phosphorylated and targeted for ubiquination and protein degradation by the proteosome. When Wnt signaling events are initiated, a series of events leads to the absence of β-catenin phosphorylation releasing it from degradation. β-catenin then accumulates in the cytoplasm and translocates into the nucleus where it binds to lymphoid enhancer factor (LEF) or T-cell factor (TCF) displacing the transcriptional inhibitor Groucho, and in complex with LEF/TCF activates the expression of different genes which regulate cell proliferation and apoptosis. Hepatocytes with nuclear translocation of β-catenin have abnormal cellular proliferation, and expresses membrane proteins involved in HCC, metastatic behavior, and cancer stem cells [75] . Activating mutations in β-catenin (CTNNB1) were found in about 20% -40% of human HCC lines [76] . Also, HCC occurring in patients with HCV were shown to have high incidence of β-catenin mutations, at nearly 40%. HCC occurring in HBV patients showed β-catenin activation induced in a mutation-dependent manner by the expression of HBx protein [77, 78] . Future experiments are needed to understand the role β-catenin in HCC treatment using molecular targeting agents ( Table  1) .
PKF118-310, PKF115-584, CGP049090
Pharmacologic agents targeting Wnt-β-catenin are being developed. Currently researchers are evaluating the activity of small molecules that antagonize the TCF/β-catenin complex on HCC cell lines in vitro and in vivo. Researchers discovered that after injecting mice with β-catenin expressing HCC tumors, the small molecule antagonists of the TCF/β-catenin complex exhibited antitumor activity by inducing apoptosis in the G1/S phase and reduced the expression of downstream target gene cyclin D1. The small molecules also led to dose-dependent reductions in the expression of other TCF/β-catenin downstream oncoproteins such as c-Myc and survivin [79] . Preliminary studies targeting the Wnt-β-catenin pathway demonstrates a potential place for new novel therapies to treat HCC.
Hedgehog Pathway
The role of the hedgehog pathway in human cancers has been established through studies of basal cell nevus syndrome, prostate cancer and gastrointestinal cancers. The hedgehog pathway is essential for embryonic development, tissue polarity and cell differentiation. The hedgehog signaling pathway has emerged as a critical mediator in the development of various diseases, including cancer, when aberrantly activated [80] . Some early studies have shown activation of the Hedgehog pathway in liver carcinogenesis suggesting a potential therapeutic target [81, 82] . Furthermore, it has been shown that this pathway can cross-talk with the Wnt-β-catenin signaling pathway, a well-known oncogenic pathway implicated in HCC development [83, 84] . Currently no hedgehog inhibitor drugs in clinical trials exist for HCC; however, a recent preclinical study has revealed profound tumor growth and metastasis inhibitory effect of a polymeric nanoparticle-encapsulated hedgehog pathway inhibitor, HPI-1 (NanoHHI), in an orthotopic model of human HCC [85] . (Table 1) 
Other Pathways and Therapeutic Targets
Various other pathways in the pathogenesis of HCC are being discovered. Some of these pathways and targeted therapies for them are already making their way into clinical trials. Transforming growth factor (TGF)-β [86] , hepatocyte growth factor (HGF)/c-MET [87, 88] , fibroblast growth factor (FGF), Hyppo [89] , and Notch [90, 91] signaling patways are just a few to mention. Clinical data targeting at least two of these pathways, HGF/c-MET and FGF, are available ( Table 1) .
Tivantinib
Tivantinib is a selective oral tyrosine kinase inhibitor of the hepatocyte growth factor receptor known as c-MET. In a Phase II multicenter clinical trial of 107 patients with unresectable HCC who either experienced disease progression after first-line therapy or were unable to tolerate first-line treatment, patients were randomly assigned (2:1) to receive tivantinib 360 mg or 240 mg twice-daily, or placebo; the initial 360 mg dose was lowered to 240 mg after the first set of patients developed low white blood cell count. In an intent-to-treat analysis, the median TTP was 1.7 months for the tivantinib arm compared with 1.5 months for the placebo arm. Benefits were greater for the subset of participants with high c-MET expression with TTP of 2.7 months with the tivantinib arm versus 1.4 months in placebo arm. Overall survival durations were 7.2 versus 3.8 months, respectively. Adverse events included fatigue, weakness, loss of appetite, and blood cell deficiencies [92] .
Lenalidomide
Lenalidomide inhibits fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF). FGF has recently been reported to be an important growth factor in HCC. Patients with advanced HCC who progressed or were intolerant to sorafenib were eligible. Forty patients were enrolled. They were treated with lenalidomide 25 mg orally days 1 -21 of a 28 day cycle until disease progression or unacceptable toxicity. Thirty-two patients experienced elevated baseline alpha-feto protein (AFP), nine had more than 50% reduction in tumor size (28%).
Six of the first 37 patients (16%) had a radiographic PR while two patients achieved a CR and have not progressed at 36 and 32 months, respectively. One patient had grade 4 neutropenia. Grade 3 toxicities included fatigue, rash, arthritis, and low blood counts [93] .
Conclusion
Despite extensive efforts by many investigators, systemic therapy with many different classes of agents for HCC has been ineffective. Since the emergence of sorafenib as the new standard for the systemic treatment of advanced HCC, extensive research efforts have focused on several key molecular pathways implicated in the pathogenesis of HCC. These efforts are leading to a revolutionary change and progress in the treatment of this devastating disease. Several promising novel anticancer agents are currently under investigation. While many molecularly targeted agents are at different stages of clinical development, a strategy of combining these different targeted agents should be considered as a key approach for improving the effectiveness and usefulness of these agents. Future research will continue to unravel the mechanism of hepatocarcinogenesis and identify key relevant molecular targets for therapeutic intervention. During this process, focus on identifying and validating surrogate and predictive biomarkers to predict clinical efficacy, toxicity, and resistance to these agents would be indispensable. The field of molecularly targeted therapy in cancer has already come a long way and HCC model will continue to inspire many researchers for the development of novel therapies for other types of cancers.
